Introduction
Many pathological processes including cancer and ageing are related to DNA damage. These can be caused by environmental agents, such as ionizing radiation, UV light and a variety of chemical agents, as well as normal cellular metabolism in which reactive oxygen species (ROS) are formed as by-products. The results of electron paramagnetic resonance studies demonstrated that base radicals including radical cations and anions, resulting from ionizing radiation or oxidation by oxidizing intermediates of chemical carcinogens, are able to induce strand breaks (1, 2) and form stable base lesions (3, 4) . Although evolution grants cells an effective enzymatic repair system to repair damaged DNA (5), enzymatic repair is not perfect, and there always is some DNA damage slipping through the enzymatic repair system. Moreover, cell's repair capacity of DNA damage decreases as cell ages, while in the process of ageing, more deleterious oxygen species are formed, resulting in accumulation of DNA damage and increase of the mutation frequencies. Therefore, DNA damage may be regarded as an inevitable product of living, which always exists prior to DNA replication, and hence, the possibility of mutation leading to degenerative diseases can never be expelled. Thus, it is imperative that effort be made to look for approaches by which either ROS can be scavenged prior to damaging DNA or cell's inadequate repair capacity can be supplemented.
With this in mind, much attention has been focused on the scavenging activity of antioxidants in preventing DNA from the attack of ROS. In the case of ionization, however, because ionization occurs within the DNA itself, the DNA damage caused thereby cannot be prevented by antioxidants. With regard to indirect effect, because of very high reactivity of hydroxyl radical being the primary product of ionization (6) and the much higher concentration of biomolecules than antioxidants in cells, the reactions of hydroxyl radical with biomolecules are very difficult to be prevented even by the most reactive hydroxyl radical scavengers in vivo. In light of these, non-enzymatic repair of DNA damage, that is, the elimination or neutralization of DNA radicals either resulting from ionization or generated secondarily by the hydroxyl radical attack, can be explored as a feasible strategy for the reduction of damage such as mutation induced by hydroxyl radical or ionization (7) .
With regard to non-enzymatic repair of DNA damage, O'Neill reported that there was a fast repair process by endogenous antioxidants, such as thiols and ascorbate, towards oxidizing hydroxyl radical adducts of dGMP and dG with high rate constants (3.6 Â 10 7 to 8.
Jiang's study showed that hydroxycinnamic acid derivatives could fast repair hydroxyl radical adduct of dGMP (9) . The fast repair activities of phenylpropanoid glycosides (PPGs) and their analogues towards hydroxyl radical adducts of dGMP, dAMP (10) (11) (12) (13) , thymine radical anions (14, 15) , TMP radical anions (16) and radical cations of dAMP, dGMP and dCMP (17) have been investigated in our laboratory. However, so far there is no report indicating that the oxidative damage of integral DNA rather than only DNA constituent can be fast repaired by endogenous reductants or by natural antioxidants. Furthermore, previous evidences were not sufficient to support the universality of fast repair of DNA damage by chemicals. Our present study focuses on the non-enzymatic repair of oxidative damage in integral DNA, rather than constituents of DNA, by PPGs and their analogues.
PPGs, a class of polyphenols, exist in Pedicularis species and other plants and have been proved to be potent antioxidants. Pedicularis is a Chinese folk medicinal herb used as a tonic (18) . Some PPGs extracted from other plants have been reported to have antioxidative (19, 20) , antitumor (21, 22) , antiviral (23) and antiplatelet activities (24) , and to inhibit *To whom correspondence should be addressed. Tel: þ86 0931 8912563; Email: zhengrl@lzu.edu.cn leukotriene B4 formation (25) . Our previous studies found that PPGs were able to inhibit the lipid peroxidation of mouse liver microsomes (26, 27) and linoleic acid in micelles (27) , inhibit haemolysis of erythrocyte induced by radicals (28) , chelate ferrous ions (29) , inhibit the growth of tumor cells (30) and enable tumor cells to redifferentiate (31) , scavenge Á OH (32, 33) as well as fast repair DNA damage induced by oxidative stress (10) (11) (12) (13) (14) (15) (16) (17) . The pharmacological activities and mechanisms of natural PPGs were reviewed by us (34). 6-O-(E)-Feruloyl-glucose (FG) and 6-O-(E)-p-hydroxy-cinnamoylglucose (HCG), analogues of PPG, were isolated and purified from Aristolochia manshuriensis Kom. Aristolochia L. genus is a folk medicinal herb being used as emmenagogue, lactogogue, diuretics and painkiller, and to treat stomatitis, glossitis, absence of mind, oedema, leakorrhea, amenorrhoea, arthritis, poisoning and pruritus. High doses of Aristolochia L. genus can induce acute kidney function exhaustion (35) (36) (37) .
In the present study, the repair effect of natural polyphenols on oxidative damage of DNA was investigated by pulse radiolytic technique.
Materials and methods

Materials
Pedicularioside A (PED A) and cistanoside C (CIS C) were isolated and purified from Pedicularis. FG and HCG, were isolated and purified from A. manshuriensis Kom. Their structures are shown in Figure 1 . Poly C and DNA were purchased from Sigma (St. Louis, MO). Single-stranded DNA (ssDNA) was obtained by boiling 4 mM double-stranded DNA (dsDNA) for 10 min followed by immediate cooling with an ice bath for 20 min. All other chemicals were purchased from Shanghai Biochemical Corporation (Shanghai, China) and were of reagent grade.
Pulse radiolysis
Pulse radiolysis experiment was conducted using a linear accelerator providing 8 MeV electron pulse with the duration of 8 nsec. The dosimetery of the electron pulse was determined by a thiocyanate dosimeter containing 10 mM KSCN solution saturated with nitrous oxide, by taking e ðSCNÞ À 5 7600 dm 3 :mol À1 :cm À1 480 nm at 480 nm. The detailed description of the pulse radiolysis equipment and experimental conditions had been given elsewhere (38) . In the present work, the average pulse dose was 14 Gy. 
Generation of radical cations of DNA
SO Á À 4 reacted with DNA to form DNA radical cations:
Results Transient absorption spectra of oxidative radical of poly C and radical cations of ssDNA and dsDNA On pulse irradiation of 4 mM poly C aqueous solution containing 40 mM K 2 S 2 O 8 and 200 mM t-BuOH and saturated with nitrogen at pH 7.0, a transient absorption spectrum was observed and was characterized by an optical absorption maximum at 440 nm ( Figure 2A ). In this reaction system, because of the much higher concentration of K 2 S 2 O 8 than that of poly C, the primary products of pulse irradiation, H Á and e À aq ; reacted predominately with K 2 S 2 O 8 , producing secondary oxidative free radical SO Á À 4 (Equations 3 and 4). SO Á À 4 then reacted with poly C to produce C(5)-yl and C(6)-yl sulphate radical adducts of poly C (oxidative radical of poly C) (4). The absorption spectrum observed, therefore, should be assigned to the oxidative radical of poly C. The transient spectra of ssDNA and dsDNA radical cations were also observed under the same condition ( Figure 2B and C).
Transient absorption spectra of phenoxyl radicals of tested polyphenols On pulse radiolysis of 0.1 mM PED A aqueous solution containing 20 mM K 2 S 2 O 8 ans 200 mM t-BuOH and saturated with nitrogen, a transient absorption spectrum appeared and was characterized by a maximum absorption within 390-400 nm ( Figure 3A) . The optical absorption reached a maximum after 10 lsec (Figure 3A , inset). In the above reaction system, because of the much higher concentration of K 2 S 2 O 8 than that of PED A, the primary products of pulse irradiation, H Á and e À aq ; reacted predominately with K 2 S 2 O 8 , producing secondary oxidative free radical SO Á À 4 (Equations 3 and 4). SO Á À 4 then reacted with PED A to produce phenoxyl radical of PED A formed by Equation (6) . The absorption spectrum observed, therefore, should be assigned to phenoxyl radical of PED A.
The same results were observed in pulse radiolysis of 0.1 mM CIS C, FG or HCG aqueous solution containing 20 mM Repair reactions of oxidative DNA damage by tested polyphenols At 1 lsec after pulse radiolysis of 4 mM poly C aqueous solution containing 0.04 mM PED A, 40 mM K 2 S 2 O 8 and 200 mM t-BuOH and saturated with nitrogen at pH 7.0, a transient absorption spectrum was observed ( Figure 4A-a) . This spectrum was the same as that of the oxidative radical of poly C and, therefore, was assigned to the oxidative radical of poly C. At 20 lsec after the pulse irradiation, the transient absorption spectrum of phenoxyl radical of PED A grew in concomitance with the disappearance of that of the oxidative radical of poly C ( Figure 4A-b) . This change of transient absorption spectrum indicated that an electron transfer reaction took place between the oxidative radical of poly C and PED A. The repair activities of other phenols, CIS C, FG or HCG towards the oxidative radical of poly C, FG or HCG towards ssDNA radical cations as well as CIS C or FG towards dsDNA radical cations also were observed (Figures 4-6) .
Discussion
Both DNA and tested polyphenols can react with SO Á À 4 at high rate constants; hence, there are two parallel reactions in the above repair system in principle. Taking poly C and PED A as examples:
However, according to the competitive reaction principle, SO Á À 4 reacts predominately with DNA to form DNA radical cations because of the much higher concentration of DNA than that of PED A.
The reaction of dCMP with SO Á À 4 primarily produces dCMP radical cation (dCMP Á 1 ). Being an oxidizing radical itself, dCMP Á 1 undergoes deprotonation to generate a neutral radical, dCMP(-H) Á (40) . In contrast to the much greater yield of reducing radicals formed in the interaction of dCMP with hydroxyl radicals followed by the process of dehydration, the yield of reducing products formed on interaction of dCMP with
; is ,10%. The situation of poly C and DNA could be assumed to be similar. Therefore, acting as antioxidants, PPGs and their analogues can react with poly C(-H) Á poly Cð À HÞ Á þ PPGs/poly C þ PPGsPhO Á ð9Þ
This is the case in the present study. It is well known that purine can be oxidized more easily than pyrimidine by oxidants including SO Á À 4 : Therefore, in DNA, SO Á À 4 oxidizes more purine than pyrimidine; hence, the radical cations of DNA are mainly purine-type radical cations and are oxidative. These oxidative radicals may react with reductants, and consequently be repaired as such. Our experimental results consist with this assumption.
The curve of inset in Figure 4A The rate constants of reaction between tested polyphenols and oxidative radical of poly C, ssDNA and dsDNA radical cation were deduced and are shown in Table I . Jiang's study showed that simpler phenols, hydroxycinnamic acid derivatives, are able to fast repair oxidative OH radical adduct of dGMP with high rate constants (2-3 Â 10 9 dm 3 /mol Á sec) (9) . Therefore, the repair rate constants towards oxidative DNA damage by tested polyphenols are comparable with that of simpler phenols towards oxidative DNA damage (9) . The result of this study in addition to that of our previous studies demonstrates that PPGs and their analogues can fast repair not only oxidative damage of deoxynucleoside and deoxynucleotide but also damage of integral DNA, with the latter being closer to a cellular condition.
There are three principal interaction modes between polyphenol and DNA: (i) intercalation of the drug between two pairs of neighbouring bases, (ii) formation of covalent bonds with bases and (iii) association in the minor groove of DNA double helix. Taking the fast repair being an electron transfer reaction and the geometry of PPGs and their analogues into consideration, the most probable hypothesis corresponding to our case is an association of PPGs and their analogues in the minor groove of DNA double helix. In order to test this hypothesis, we performed the docking calculation using a JUMNA software. The result shows that PPGs and their analogue molecules can dock into the minor groove of DNA and form complexes with a configuration that is suitable for the electron transfers between base radicals of DNA and ligands (PPGs). Such complexes can be formed without major distortion of DNA structure and stabilized further by their interactions with the rhamonsyl side-groups (41) (42) (43) .
Phenolic antioxidants can protect DNA from damage by ROS either by scavenging ROS prior to their attacking DNA or by fast repair of damaged DNA caused by free radicals as demonstrated in this work. These two ways complement each other. Our study shows that PPGs and their analogues are also effective hydroxyl radical scavengers, thus can protect DNA from the attack of OH Á (32, 33) . The result of our present work indicates that PPGs and their analogues, being electron donors, can fast repair radical cations of DNA by electron transfer reaction. However, since the hydroxyl radical is very reactive, its lifespan in a biological system is very short, and it will react at the site close to where it is generated, the protective effect exerted by scavenging hydroxyl radical can only be feasible at places where the concentration of antioxidant is quite high. Fast repair of DNA damage by natural products Therefore, we believe that the protection mode of the tested polyphenols on DNA radicals is preferably a fast repair effect, not a hydroxyl radical-scavenging effect.
Although damaged DNA can be repaired by enzymatic systems, yet the enzymatic repair of DNA damage takes a timescale of hours (44) . In our present study, the fast repair reaction is initiated and finished in a timescale of microseconds, preventing these transient products from reacting with other biological macromolecules, such as proteins, enzymes and so on. This non-enzymatic repair reaction is very fast, around nine orders faster than enzymatic repair.
A number of endogenous reductants, such as ascorbate and thiols, can react with both dGMP-OH Á and dGMP Á þ at a high rate (8) , implicating that a potential or effective repair process exists in the cells. In light of this, one may assume that nonenzymatic fast repair also occurs in cells even though our observation of fast repair reaction was only in chemical systems so far. Based on this assumption, the non-enzymatic fast repair may be restricted to the primary damage, that is DNA radicals, induced by ROS, while the enzymatic repair system may repair steady-state lesions of DNA resulting from DNA radicals. These two repair systems complement each other. A deeper understanding of both repair systems undoubtedly helps researchers find new methods to prevent and/ or intervene disease caused by DNA damage.
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